The application of voxel-level three-dimensional registration to serial magnetic resonance imaging (MRI) is described. This fluid registration determines deformation fields modeling brain change, which are consistent with a model describing a viscous fluid. The objective was to validate the measurement of hippocampal volumetric change by fluid registration in Alzheimer's disease (AD) against current methodologies. The hippocampus was chosen for this study because it is difficult to measure reproducibly by manual segmentation and is widely studied; however, the technique is applicable to any structure which can be delineated on a scan. First, suitable values for the viscosity-body-force-ratio, ␣ (0.01), and the number of iterations (300), were established and the convergence, repeatability, linearity, and accuracy investigated and compared with expert manual segmentation. A simple model of hippocampal atrophy was used to compare simulated volumetric change against that obtained by fluid registration. Finally the serial segmentation was compared with the current gold standard technique-expert human labeling with a volume repeatability of ϳ4%-in 27 subjects (15 normal controls, 12 clinically diagnosed with Alzheimer's disease). The scan-rescan volumetric consistency of serial segmentation by fluid-registration was shown to be superior to human serial segmentors (ϳ2%). The mean absolute volume difference between fluid and manual segmentation was 0.7%. Fluid registration has potential importance for tracking longitudinal structural changes in brain particularly in the context of the clinical trial where large numbers of subjects may have multiple MR scans.
INTRODUCTION
Magnetic resonance imaging (MRI) is increasingly used to acquire detailed structural images of the brain in three dimensions. This has allowed in vivo measurement of the volume of structures affected by pathological processes. One structure of particular importance in Alzheimer's disease (AD), temporal-lobe epilepsy, and schizophrenia is the hippocampus. Reliable hippocampal segmentation in three dimensions is difficult and usually relies on experienced observers following a strict protocol to outline manually the structure on every MR "slice." In many diseases, but particularly in AD, it is important not only to measure volumes on single scans but also to measure change over time Jack, 1999) . Measures of change can remove some of the inherent biological variation between individuals and can be used to detect early disease onset and to track progression (DeLeon, 1997; Jack, 1998; Mueller, 1998; Fox, 1999) . Uncorrelated errors in hippocampal labeling on serial scans, lead to even greater uncertainty in measurement of change. Serial measures could in theory be made more robust by using automated segmentation of repeat scans. However, intersubject differences have limited the accuracy of model-based automatic segmentation of the hippocampus (Haller, 1996) . An alternative approach is to use a manual segmentation of the baseline scan to drive an automated segmentation of the same structure on repeat scans.
Rigid-body registration of serial MRI has successfully been used to detect and quantify (Fox, 1997 ) global brain changes in AD. These methods are less robust when applied to smaller structures and structures, which are not fully delineated by brain-CSF boundaries. However, high accuracy could in principle be achieved by a more suitable method for quantifying hippocampal change in the individual because change in serial imaging-even with hippocampal degeneration-is much less than the differences between individuals.
Nonlinear registration (reviewed in Lester, 1999) determines a deformation field which summarises structural differences between individuals or an individual's structural changes over time. The term "fluid registration" Freeborough, 1998) has been used to describe a subset of nonlinear warping techniques based on the physical model of a compressible viscous fluid. Structural changes in the neurodegenerative dementias are generally gradual and continuous suggesting that fluid registration could provide a good model for atrophy in this important clinical group. Christensen et al. applied fluid registration to transform an anatomical atlas onto the brain using a transformation guaranteed to be homeomorphic (essentially smooth, topology-preserving, and one-to-one). It has also been applied to track lesion growth (Thirion, 1999) and examine brain atrophy in small numbers of subjects (Calmon, 2000) . Some work on automated matching of hippocampi with a digital brain atlas in two-dimensions has also been reported (Haller, 1996) and Haller et al. (1997) used a three-dimensional template to label the hippocampus. While the latter method had less variance than manual labeling of structures, interaction was required to define 16 landmarks to constrain the hippocampal boundary. Essentially the same technique was applied to examine hippocampal morphometry in schizophrenia (Csernansky, 1998) , but with attempts to incorporate prior information about the shape of the hippocampus. To date we are unaware of any published application of fluid registration for quantitative measurement of structural changes in the hippocampus.
In this paper fluid registration is applied to automate serial segmentation and the measurement of volumetric change in the hippocampus. First, parameter choices for the fluid registration are investigated, second, the technique is examined for repeatability and linearity; and third, it is used to measure simulated atrophy. Finally hippocampal regions obtained from fluid registration in a group of normal controls and patients with clinically diagnosed Alzheimer's disease are compared with expert manual segmentation.
MATERIALS AND METHODS

Fluid Matching Algorithm
The fluid algorithm used here is largely as described by Freeborough et al. (1998) . The deformation field which describes the warping of a repeat scan onto a baseline scan is composed of three-dimensional displacement vectors located at each voxel. These displacements are obtained by solving the fluid equation (1) iteratively for the velocity field v, using the Full Multi-Grid method implemented as described in Press (1992) . A function of the derivative of the intensity cross correlation of corresponding image voxels with respect to the displacement field acts as the driving force b which means that no explicit intensity matching between scans is required.
The displacement vector for each voxel is obtained by integrating the new velocity-field over a suitable timestep. Such fields which satisfy Eq. (1) will be necessarily smooth and topology preserving. If a voxel in the volume of interest reduces in volume by more than a given factor (as judged by monitoring the determinant of the Jacobian of each voxel), a regridding step propagates the match image forward using the current deformation field and restarts the registration using the propagated image (and with the current deformation field reset to zero). The total deformation field can be accumulated over multiple regridding steps if necessary but the interpolation required to accumulate the total deformation field introduces error. The algorithm has previously been demonstrated qualitatively to match efficiently over whole brain and visualise regional change (Freeborough, 1998) . For regional volumetric work more thorough quantitative validation is necessary. The fluid algorithm has been extended for application to small structures as follows.
1. Time-step. The time-step is chosen at each iteration to limit the maximum voxel displacement within the volume.
2. Interpolation scheme. As the fluid registration proceeds, the direction and magnitude of the residual forces at each voxel will increasingly depend on the detail of the voxel intensity interpolation scheme. Trilinear interpolation is used initially and sinc-interpolation is used during the final stages. The small size of the hippocampal volume of interest (Ͻ100 3 voxels) makes an accurate interpolation using renormalised 3-D convolution sinc interpolation practical (Thacker, 1999) .
Hippocampal Matching
Repeat scan B is first globally registered with baseline scan A using rigid-body registration to optimally match over whole brain. Local fluid registration matches a subvolume of B and A, which includes the hippocampal region manually defined on the baseline scan. A cuboid enclosing this region is expanded on all sides by an 8-voxel buffer-zone. A further 8-voxel zone on each side has an intensity ramping function applied so that voxel intensities distal to the hippocampus are gradually reduced to zero. Finally a further zone of zero-intensity voxels is added on each side to satisfy the fluid boundary conditions. This procedure ensures fast registration over volumes considerably smaller than whole brain but voxels distal to the hippocampus will not be matched correctly. Figure 1a shows a single slice from a coronal T1-weighted acquisition labeling the anatomy in the vicinity of the hippocampus. Fluid registration of this scan with a subsequent one results in a vector field of three-dimensional voxel displacements which encodes voxel-level compression or expan-sion and can be used for effective visualisation of regional change (Fig. 1b) . The volumetric change can be evaluated simply as a difference in region volumes between baseline and repeat scan or by integrating the Jacobian determinant derived from the deformation field over the structure of interest.
Region Propagation
A procedure for transforming the binary labeling of the hippocampus on scan A onto the repeat scan B is required. Each voxel in scan B is subdivided into n 3 points. The deformation field is interpolated to obtain the displacement of each point in scan B (i.e., the vector to its corresponding point in scan A). For each voxel, the number of points n h , which after displacement correspond with a voxel labeled as hippocampus in scan A is recorded. The voxel in B is labeled as hippocampus if n h /n 3 Ͼ 0.5. The resliced region is thresholded to exclude voxels with intensity Ͻ70% mean brain intensity to ensure consistency with the manual segmentation protocol.
Computational Issues
The fluid registration is applied to images which are resampled to give isotropic voxel dimensions using sinc-interpolation. This contrasts with the approach of Haller et al. (1996) where the matching is performed on a "zoomed-in" hippocampus with trilinear interpolation used to double the number of pixels in each direction. The impact of the latter approach on the matching process is to quadruple the size of the displacement field (in two dimensions) with a predictable effect on the computational load. To be useful in our clinical setting the hippocampal matching must run in a few hours at most on current desk-top workstations. Therefore the images are not interpolated other than to generate cubic voxels but sinc-interpolation is used during the final stages of the registration.
Image Acquisition
Imaging was performed on a 1.5T GE Signa Unit (General Electric Medical Systems, Milwaukee, WI) using a spoiled gradient-echo technique (256 ϫ 128 ϫ 128 matrix, FOV 24 ϫ 24 ϫ 19.2 cm, TR/TE/NEX/ FLIPϭ35/5/1/35 yielding 124 contiguous 1.5-mm-thick slices).
Subjects
Fifteen control subjects and 12 patients diagnosed with probable Alzheimer's disease according to the NINCDS-ADRDA criteria. McKhann (1984) underwent two MRI assessments with a mean (ϮSD) interval of 536 (Ϯ380) days. The mean age was 58.6 (Ϯ11.0) years in the AD group and 54.1 (Ϯ9.8) in the controls. All subjects underwent a Mini Mental State Examination (MMSE) (Folstein, 1975) . The mean MMSE score was 29.7 (Ϯ0.2) of 30 in the controls subjects and 21.1 (Ϯ1.7) in the AD group.
Baseline Manual Hippocampal Segmentation
The software package MIDAS (Freeborough, 1997) was used for all manual segmentation. The operator uses the mouse to trace round the boundaries of the structure of interest with two orthogonal views available. The hippocampal formation is defined as including the dentate gyrus, the hippocampus proper, the subiculum, and the alveus. A consistent threshold of 70% of mean brain intensity is applied to exclude voxels which are predominantly cerebral-spinal-fluid (CSF). Each segmentation was performed with the observer blinded to the identity of the subject and to the results of other measurements. All the results in this paper pertain to the right hippocampus.
Segmentation Repeatability and Comparison
Manually segmented regions on repeat scans are obtained using a variation of the segmentation protocol to minimise error from subjective boundary placement relative to anatomical landmarks. Here the baseline hippocampal region is pasted directly onto the rigidly registered repeat scan and manually edited to accommodate structural change.
A simple measure of intra-observer repeatability can be obtained by comparing the volumes of a structure segmented on pairs of scans acquired over a short space of time. Random segmentation errors can result in a similar reported segmented volume obtained by labeling a different set of voxels. A more conservative measure of repeatability are the volumes of voxels which are labeled differently and the same in the two segmentations [Eq. (2)].
In words, the difference (D) is the fraction of inconsistently labeled voxels and the similarity (S) is the fraction of consistently labeled voxels. V o S (the volume of similarity) is the volume of the union of the two regions; V o D (the volume of difference) is the volume of the union minus the intersection. For two segmentations in complete agreement D ϭ 0 and S ϭ 1. For two segmentations in complete disagreement (i.e., nonoverlapping, but which could nonetheless have the same volume) D ϭ 1 and S ϭ 0. For all other region pairs 0 Ͻ D Ͻ 1. These measures are similar to those discussed by Andreasen et al. (1996) .
Intrascan Repeatability
The results of careful repeat manual segmentations of hippocampi by a single expert observer (RIS) were used to provide a benchmark for intrascan repeatability. First the observer segmented the right hippocampus on each of 12 baseline scans. Then the observer segmented the right hippocampus on 12 registered repeat scans twice on separate occasions.
Interscan Repeatability
Five subjects with a clinical diagnosis of probable AD had two scans acquired on the same day and a third scan (considered the baseline) acquired months earlier or later. One subject was rejected due to excessive motion artefact. Manual segmentation of the four remaining subjects was used to estimate interscan repeatability. The baseline scans were manually segmented first and used to segment both of the two sameday scans.
Fluid Validation
Parameter choice (a) viscosity-body-force ratio, ␣. This parameter controls the response of the fluid to the correlation forces. It must be high enough that the viscous assumptions of the model are justified. A single scan pair from a subject diagnosed with probable AD exhibiting hippocampal change confirmed by manual segmentation was used to evaluate suitable values for ␣. The scans were fluidly registered using a range of values of ␣. The case ␣ ϭ 0.01 was run a second time to check the stability of the computation.
(b) Timing. To establish what reasonable length of simulation time is required for convergence and an acceptable level of matching, four pairs of control scans and three pairs of AD scans were fluidly registered over different total simulation times of 200, 300, and 400 iterations.
Repeatability and Linearity
At this point a manual segmentation technique would be evaluated by comparing multiple segmentations of sample images. It is worth emphasising that the fluidly segmented regions are dependent on the detail of the baseline segmentation only. Here a set of serial scans are denoted A, B, C. Two scans of a subject acquired on the same day are denoted A1, A2 etc., B 3 A implies that scan B is registered onto scan A so that a region of interest defined on A can be propagated onto B.
(c) Repeatability: (A1, A2) 3 B and B 3 (A1, A2). The four subjects used in the assessment of manual repeatability were also used to assess repeatability of the automated fluid segmentation. The hippocampus manually labeled on scan B was fluidly registered onto repeat scans A1 and A2 acquired on the same day. This measures scan-rescan error in the repeat images and is a more realistic and rigorous test of reproducibility than same-scan repeatability. In addition hippocampi manually segmented on scans A1 and A2 were fluidly registered onto B to measure the scan-rescan error in the baseline.
(d) Linear properties: A 3 B 3 C 3 A. Ten subjects with three serial scans (including the four subjects from (c) were used to test linear properties. The net hippocampal volume change assessed over two serial pairs of scans A 3 B 3 C and one serial pair spanning the same interval A 3 C were compared. This is an important test in the context of serial scanning where scanning intervals may vary and some scans in a sequence may not be acquired at all or may prove unusable in a difficult clinical group.
(e) Simulated atrophy. A range of simulated atrophies in the form of global linear scale-changes was applied to the subject used in (a) and (b).
(f) Clinical group. The fluid registration was compared against a mixed group of fifteen normal controls and twelve affected AD subjects. The volume of the right hippocampus on the repeat scans was obtained by manual segmentation and by fluid registration to enable volumetric and labeling comparisons.
RESULTS
Manual Segmentation
The manual segmentation measured (a) the ability of an observer to consistently label a structure on a given image and (b) the ability of an observer to consistently label a structure on two images of the same subject acquired at the same time-point. The simple fractional volume errors associated with these measurements are compared with the labeling difference in Table 1 . The simple volume comparisons for same-day repeatability show a mean difference of 4% of the hippocampus volume (consistent with published data); however, the difference suggests that on average 15% of voxels are being labeled inconsistently in the two scans.
With a mean manual segmentation error of approximately 4% of hippocampal volume per scan the error in measuring hippocampal volumetric change by manual segmentations can be estimated as ͌(4 2 % ϩ 4 2 %) ϳ6% of the hippocampal volume.
Fluid Parameter Choices
(a) Viscosity body-force ratio, ␣. Figure 2 shows the convergence behavior of the fluid registration. The graph shows the volume change of the hippocampus derived directly from the deformation field as a function of simulation time. The percentage change is shown for four different values of ␣ at intervals during the calculation. The viscosity curves all approach a maximum value around 300 iterations. The maximum change is consistent across the range of viscosities to Ͻ0.5% of hippocampal volume. The case with the largest value of ␣ (0.03) is slowest to reach a maximum and that with the smallest value of ␣ (0.005) is fastest to reach a maximum. The consistency of the reported peak change is expected as the final deformation should not be a strong function of ␣. We chose to use ␣ ϭ 0.01. There did not seem a significant advantage in choosing either a larger or a smaller value and using a value of 0.01 allows comparison with prior published work Freeborough, 1998) . When the case ␣ ϭ 0.01 was rerun the reported volume changes were identical to the precision of the output (0.01 ml) over the full range of simulation times.
(b) Simulation time. Figure 3 shows the reported percentage hippocampal volume change for the seven subjects at 200, 300, and 400 iterations. The mean [minimum, maximum] 
Validation as a Repeatable, Additive Measure
All further fluid registrations were run with ␣ ϭ 0.01 for 300 iterations.
(c) Repeatability. Table 2 shows the fractional scan-rescan volume and labeling differences and should be compared with Table 1 . The error in simple volume repeatability for same-day repeat scans of 2% is less than that of the manual segmentation with a smaller range. In addition the number of inconsistently labeled voxels is no worse than manual segmentation of the same scans. The results showing the propagation of two same-day baseline regions onto a single repeat scan B 3 ( A1, A2) also compare well with the manual same-day repeat scan measurements in Table 1 . Figure 4 plots the percentage volumetric change for both B 3 ( A1, A2) and ( A1, A2) 3 B.
(d) Linear properties. Figure 5 shows the percentage Jacobian volume change comparison of A 3 B 3 C with A 3 C. The mean absolute net volume change round the loop ( A 3 B 3 C) Ϫ ( A 3 C) was 1.41% (range [0.06%, 4.09%]) of baseline hippocampal volume.
(e) Simulated atrophy. Figure 6 shows the percentage Jacobian volume change as a function of known (simulated) volume change.
(f) Clinical group. Figure 7a shows the relationship between the repeat-scan region volumes obtained by fluid registration compared with manual segmenta- Tables 1  and 2 . Figure 7b relates the fractional volume differences between fluid and manual segmentation to the labeling differences. Five cases stand out as having volumetric differences in excess of 5% and/or labeling Differences in excess of 15%. Of these cases, one subject in the AD group had the largest scan interval in the study of 1328 days and one AD subject had the largest recorded hippocampal atrophy of 11.2%. On visual inspection all subjects had one or both scans affected by noticeable motion artefact evidenced by "ringing" of features in the cerebral cortex and blurring of temporal-lobe structures including the hippocampus. Fluid registration will perform suboptimally in such cases as it cannot distinguish between structural and artefactual change. The rate of change of hippocampal volume as a proportion of total intracranial volume was calculated to see if reported rates of change were affected by the fluid registration. The rates were not significantly different when compared with manual measurements either for the fluid-reslice method or the Jackobian sum method when the group were considered as a whole or when the rates for normal and affected subjects were compared separately (paired t test, P Ͼ 0.1 in all cases).
DISCUSSION AND CONCLUSIONS
We have applied a nonlinear warping algorithm which determines deformation fields which satisfy the physical model of a viscous fluid to match hippocampi in Alzheimer's disease and normal aging and quantify the change in volume over time. Hippocampal labeling is a particularly difficult problem due primarily to the small size and lack of definition of the structure. The hippocampus was deliberately chosen for this study to assess the limits of the fluid technique and also as a structure of continuing importance to research into dementia. That the fluid registration performs so well on this small and complex structure in a difficult patient group suggests that larger and/or better-delineated structures can be labeled more successfully using this technique.
The algorithm has been shown to be a repeatable, additive measure with self-consistency better than a human rater and has been evaluated against expert manual segmentation in 27 subjects. The shortcoming of this method is that the fluid method can at best only be shown to be as good as the human-rater. The latter, while providing the best currently possible hippocampal measurements, cannot be considered a true gold standard although with enough subjects systematic differences between methodologies should be revealed. To compensate we have shown that at least for the case of simple linear scale changes, the fluid registration consistently tracks known volumetric change. Further objective validation and a deeper understanding of the behaviour of the fluid registration in sub-optimal (e.g., noisy or artefactual) images is clearly necessary.
It is worth briefly comparing the computational approaches of Christensen et al. (1996) and Bro-Nielsen et al. (1996) to fluid registration. The latter claimed an order of magnitude gain in processing speed by analytically deriving a convolution-filter used to solve the fluid equation (1). Our implementation closely follows that of but the use of the FullMulti-Grid method means that 300 iterations of hippocampal matching on an isotropic mesh of 113 3 voxels takes approximately three cpu-hours on a current desk-top workstation (Sun Ultra-60). No specialised hardware is required and the computation times should be comparable with convolution-filter approaches.
The practical advantage of fluid registration over manual segmentation for quantifying hippocampal change is that, given a baseline region, the match to a registered repeat region is deterministic. In addition, the detail of the baseline segmentation does not affect the fluid registration which operates over a larger image volume chosen to include the structure of interest. However, detail in the baseline segmentation will be propagated forward onto the repeat scan so voxels labeled erroneously on the baseline scan will also be labeled on the repeat scan. The fluid matching algorithm will perform suboptimally if there are significant topological differences between registered scans (e.g., the appearance or resolution of voids or lesions). This is likely to be a problem with a longer interval between scans or with a very rapid degenerative process. When there is very large hippocampal change, manual segmentors may also experience a reduction in repeatability and accuracy in their technique. In addition when there are large changes associated with large scanning intervals in AD, textural changes in the appearance of the hippocampus may also exert some influence. Previous work by Christensen et al. (1996) suggests that fluid registration can accommodate extremely large deformations provided continuity is maintained. It seems probable that the upper limit of accurate tracking of change will in practice be limited by the assumption of smooth continuous change.
The most important application of this technique in dementia is to the current methodology of acquiring multiple serial scans to monitor disease progression. Rather than invest large amounts of expert operator time to segment a structure on each of the scans, the fluid matching algorithm makes it feasible to define the region on the first scan only and then fluidly propagate it through the serial set. If a significant topological change occurs in the interval between two scans, an additional segmentation could be performed to restart the fluid after the topological change. A natural progression of the technique for tracking serial change is to obtain an automatic baseline segmentation using an electronic atlas (e.g., Haller, 1996) .
While an automated technique for serial volumetry of the hippocampus is needed, a tensor map that localises the maximum and minimum atrophic changes throughout the 3-D extent of the hippocampus is a highly desirable goal to advance our understanding of not only general atrophic processes but also the specific location of the atrophic process. It seems likely that improved MRI acquisition will make accurate automated labeling of many brain structures an achievable goal in the near future. At present, further work is required to establish the utility of the fluid technique in the clinical setting and to address issues of further validation.
